Abstract. Lactate dehydrogenase (LDH) is an enzyme involved in anaerobic glycolysis and is associated with the prognosis of patients with renal cell carcinoma (RCC). The human genome has four LDH genes: LDHA, LDHB, LDHC and LDHD. In order to determine which of these four LDH genes may predict clear cell RCC (ccRCC), a total of 509 patients with ccRCC from The Cancer Genome Atlas (TCGA) cohort and 192 patients with ccRCC from the Fudan University Shanghai Cancer Centre (FUSCC) cohort were enrolled in the present study. The expression profiles of LDHD genes in the TCGA cohort were obtained from the TCGA RNAseq database. The Cox proportional hazards regression model and Kaplan-Meier curves were used to assess relative factors. The LDH family genes that were revealed to have an association with overall survival (OS) were further validated in the FUSCC cohort. In the TCGA cohort, following Cox proportional hazards analysis, LDHD expression (P=0.0400; hazard ratio, 0.872; 95% confidence interval, 0.764-0.994) was revealed to be predictive of the prognosis of patients with ccRCC. Further analysis revealed that low LDHD expression (P<0.0001) was significantly associated with a poor prognosis in terms of OS. Additionally, the expression of LDHD (P<0.0001) was significantly different in patients with ccRCC compared with paired controls. In the FUSCC cohort, low LDHD expression was also associated with a poor OS (P=0.0103), and the tumour pathological T stage was a factor that influenced the expression of LDHD (P=0.0120). Furthermore, the expression of LDHD influenced the serum LDH level (P= 0.0126). The downregulation of LDHD expression may be a predictor of poor prognosis in patients with ccRCC.
Introduction
Renal cancer is a metabolic disease that starts in the cells of the kidney (1) and is responsible for ~3% of all malignancies in adults (2) . Globally, 250,000 new cases of kidney cancer are diagnosed each year (3) . Renal cell carcinoma (RCC) accounts for ~90% of all renal cancer cases (4, 5) , and is the most common form of adult kidney cancer, possessing unique genetic and histological features. Radical nephrectomy (RN) is effective in curing early and local RCC, however, one-third of all patients present with metastatic disease at diagnosis (6) . Furthermore, 20-40% of patients with RCC who undergo surgical nephrectomy will develop metastasis. Despite previous developments in therapy, there remains no effective treatment for patients with advanced stages of the disease, and RCC is generally resistant to standard chemotherapy and radiotherapy. The 5-year survival rate of patients with metastatic RCC is <10% (1, 7) . Important prognostic factors of RCC include histological subtype, nuclear grade, tumour size and evidence of metastatic disease at presentation (8) . In order to further our understanding on the prognosis of RCC and in order to develop novel biological therapeutic methods, the identification of molecular markers, which are useful in assisting in the management of the patients, and novel molecular targets for adjuvant therapies, is necessary.
Lactate dehydrogenase (LDH) is a tetrameric enzyme, belonging to the 2-hydroxy acid oxidoreductase family (9) ; it is a metabolic enzyme that catalyses the interconversion of pyruvate and lactate during the processes of glycolysis and gluconeogenesis depending on nutrient availability. Previous studies have revealed that pre-treatment serum LDH is a statistically significant prognostic factor in breast, renal, lung and gastric cancer (10) (11) (12) (13) . LDH is under the translational control of the hypoxia-inducible factor and MYC proto-oncogene, BHLH transcription factor (MYC), and is thus regulated by key oncogenic processes. Previous studies have revealed that pre-treatment serum LDH is a significant prognostic factor in high-risk patients with metastatic RCC (14, 15) . In addition, the activation of these oncogenic pathways resulted in high serum LDH levels, which were associated with drug resistance (14) .
The human genome contains four LDH genes: LDHA, LDHB, LDHC and LDHD (16) . The LDH family may increase the rate of the simultaneous interconversion of pyruvate to lactate and nicotinamide adenine dinucleotide (NAD)H to NAD+ by 14 orders of magnitude (17, 18) . Numerous genes and proteins associated with apoptosis or tumour survival have been reported to be associated with LDH activity (19, 20) . However, the majority of previous studies on renal cancer focused on serum LDH, and few studies have analysed specifically which LDH gene serves a key function in RCC.
Materials and methods
LDH expression data. LDH expression and clinical data from The Cancer Genome Atlas (TCGA) database were sourced from the Cancer Genomics Browser of University of California Santa Cruz (https://genome-cancer.ucsc.edu/). A total of 6 members of the LDH family are included in the database, including LDHA, LDHB, LDHC, LDHD, LDH A like 6A (LDHAL6A) and LDHAL6B. In total, 509 primary clear cell RCC (ccRCC) tumours from patients with detailed LDH expression data obtained between January 1998 and December 2013 were selected from the updated TCGA database according to parameters defined in a previous study (21) . Patients with fully characterized tumours, intact overall survival (OS) data, complete RNAseq information and those without pre-treatment were included. Data on clinicopathological characteristics, including age, sex, tumour size, Tumour-Node-Metastasis (TNM) stage (22) , Fuhrman grade (23), AJCC renal cancer stage (24) , laterality, haemoglobin level, white blood cell count, platelet level and OS time were collected. A follow-up of the patients was completed, with a median length of 1,063 days. During the follow-up, 347 patients succumbed.
Patient enrollment. From the Fudan University Shanghai Cancer Centre (FUSCC) cohort, a total of 192 patients with ccRCC who underwent RN or nephron-sparing nephrectomy between 2007 and 2011 were retrospectively enrolled. All the tissue samples were collected during surgery and stored at -70˚C in the tissue bank of the FUSCC. The pathological subtypes were determined by two pathologists, who were genitourinary specialists. Data on the clinicopathological characteristics, including sex and tumour size, were collected.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
. RNA extraction, RT and RT-qPCR analysis were performed on the FUSCC cohort. In the FUSCC cohort, total RNA was isolated from the 192 ccRCC samples using TRIzol ® reagent (cat no. 15596-026; Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA, USA). A PrimeScript RT reagent kit (cat no. K1622; Thermo Fisher Scientific, Inc.) was used according to the manufacturer's protocol to synthesize first-strand cDNA from 1 µg total RNA isolated from renal carcinoma cells. Serial dilutions of cDNA were amplified by qPCR using gene-specific primers. The most concentrated sample contained cDNA derived from 1 ng total RNA. Next, SYBR Green Real-Time PCR assays (Thermo Fisher Scientific, Inc.) were performed using an ABI 7900HT (Applied Biosystems, Thermo Fisher Scientific, Inc.). The expression level of RNA was normalized to the level of β-actin. The primers for RT-qPCR analysis were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China), and the sequences used were as follows: LDHD forward, 5'-CAA AGC CAG GGA GGG GAA GAG-3' and reverse, 5'-CGT AGT CAG GGA ACT TGT GGG-3': LDHAL6B forward, 5'-TTC CGA GAA GCC CGT TCA TC-3' and reverse, 5'-GTG AAA GGG CTG CCA TGT TG-3': And β-actin forward, 5'-AGC GAG CAT CCC CCA AAG TT-3' and reverse, 5'-GGG CAC GAA GGC TCA TCA TT-3'. The efficiency of amplification of the target gene (LDH family members) and the internal control (β-actin) was examined using qPCR and TaqMan detection. Thermocycling conditions were as follows: i) Initial denaturation at 94˚C for 4 min; ii) 30 cycles of denaturation at 94˚C for 30 sec, annealing at 55˚C for 25 sec and extension at 72˚C for 45 sec; and iii) a final extension at 72˚C for 5 min (25) . Quantification was performed using the 2 -ΔΔCq method (25) . TNM, tumor grade, tumor stage, serum LDH level and tumor position were obtained from electronic records. Patients received regular follow-ups via telephone call or in the clinic once every 3 months. Events, including tumor recurrence, progression, metastasis and mortality were recorded.
Statistical analysis. The disease-free survival time was calculated from the date of diagnosis until the date of mortality from any cause or first recurrence. The OS time was defined as the time of diagnosis until the date of the last follow-up or mortality from any cause. Patients without recurrence events or mortality were recorded as censored at the time of the last follow-up. Statistical analysis was performed using Stata software (version 12.0; StataCorp LP, College Station, TX, USA). All statistical tests were two-tailed, and P<0.05 was considered to indicate a statistically significant difference. Survival curves were constructed using Kaplan-Meier curves and a log-rank test in order to assess the differences between the groups. Adjusted odds ratios with 95% confidence intervals (CIs) were calculated using Cox proportional hazards models. Univariate and multivariate Cox proportional hazards analysis assessed the expression of LDH family members and OS for patients with ccRCC in the TCGA cohort. Genes known to be associated with OS were further studied. Multivariate logistic regression was performed in order to further study factors that may affect the expression of LDHs. Student's t-test or Wilcoxon's signed rank test were used for 70 paired patients in order to reveal potential differences in the expression of LDH family members between patients with ccRCC and a control population. Spearman's correlation analysis was used to determine the correlation between LDH levels and the expression of LDHD.
Results
Clinical characteristics of patients with ccRCC. In the TCGA cohort, the median age of the 509 patients with ccRCC was 61 years (range, 26-90 years). A total of 328 (64.4%) patients were male and 181 (35.6%) patients were female. The median follow-up time of this cohort was 35.4 months. TNM, tumor size, tumor grade, tumor stage, laterality, white blood cell count, hemoglobin level and platelet level are presented in Table I . In the FUSCC cohort, the median age of the 192 patients with ccRCC was 55.5 years (range, 17-84 years). A total of 47 patients succumbed during the follow-up, and the median follow-up time of this cohort was 47.1 months. A total of 131 (68.2%) of patients were male and 61 (31.8%) of patients were female. TNM, tumor size, tumor grade, tumor stage and laterality are additionally presented in Table I .
LDHD and LDHAL6B are independent prognostic factors for OS. In the TCGA cohort, a univariate Cox proportional hazards model was performed to assess the factors predicting OS. Age, TNM stage, Fuhrman grade, haemoglobin level, white blood cell (WBC) count, platelet (PLT) count, and LDHC, LDHD and LDHAL6B expression were significantly associated with the OS of the patients with ccRCC (all P<0.05; Table II Expression quantities of LDHD and LDHAL6B are associated with prognosis and OS. As LDHD and LDHAL6B expression were the only independent predictors of OS in multivariate Cox analysis, they were selected for analysis. LDHD expression and LDHAL6B expression were revealed to be normally distributed, and were thus considered as categorical variables according to the median expression level (divided into low and high expression groups according to the median values of LDHD and LDHAL6B of 7.24 and 1.49, respectively). As a result, it was revealed that low LDHD expression (P<0.0001) was associated with a poor prognosis for OS, whereas a low level of LDHAL6B expression (P=0.0005) was associated with an improved prognosis for OS, compared with their low expression counterparts (Fig. 1) . LDHD and LDHAL6B expression were considered to be categorical variables according to the median expression level. A log-rank test was performed in order to compare the survival curves between the different serum LDH levels.
In order to further understand the factors that may affect the expression of LDHD and LDHAL6B, a multivariate logistic regression analysis was performed. Tumor pathological T stage was revealed to be significantly associated with LDHD (P=0.003), whereas haemoglobin (P=0.003) was significantly associated with LDHAL6B expression (Table III) .
The expression of LDH members in 70 paired patients from the TCGA database was then analysed to understand the difference in the expression of LDH family members between patients with ccRCC and a control group. A paired Student's t-test was used if the deviations of LDH expression between couples fitted a normal distribution, and the Wilcoxon signed rank test was employed for those that did not fit a normal distribution. In the paired Student's t-tests, the expression of LDHD (P<0.0001) and LDHAL6A (P<0.0001) were significantly different between the patients with ccRCC and the paired controls, whereas the expression of LDHAL6B (P= 0.375) was not significantly different. In the Wilcoxon's signed rank test analysis, the expression of LDHA (P<0.0001), LDHB (P<0.0001) and LDHC (P<0.0001) was significantly different between patients with ccRCC and the paired controls (Table IV) .
LDHD expression is a prognostic factor for OS in the FUSCC cohort. In the FUSCC cohort, LDHD and LDHAL6B expression was validated. The expression of LDHD and LDHAL6B was considered as categorical variables according to the median expression level (low and high expression groups). As the expression level of genes was based on the relative values of the PCR results, patients were grouped by Δ-Cq (cycle threshold). Δ-Cq=Cq(target genes)-Cq(reference genes). The median Δ-Cq values of LDHD and LDHAL6B were 5.93 and 1.77, respectively. As a result, low LDHD expression was associated with a poor prognosis for OS (log-rank test, P=0.010), whereas the expression of LDHAL6B (log-rank test, P=0.412) was not associated with OS. The Kaplan-Meier curves are presented in Fig. 2 . -------------------------------------------------------------------- In order to further understand the factors that may affect the expression of LDHD and LDHAL6B in the FUSCC cohort, a multivariate logistic regression analysis using the same parameters was performed. It was revealed that in the FUSCC cohort, tumor pathological T stage was significantly associated with the expression of LDHD (P=0.012), whereas age was significantly associated with the expression of LDHAL6B (P=0.043; Table V) .
Multivariate (FUSCC) ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Expression level of LDHD influences the serum LDH level.
As there was no data concerning the serum LDH level in the TCGA database, the present study tested the serum LDH of patients from the FUSCC cohort when they were diagnosed with a kidney tumor in order to understand whether the expression of LDHD is associated with serum LDH. In this further analysis of the FUSCC cohort, the 192 patients were divided into two groups according to their serum LDH level. Log-rank testing revealed that a serum LDH level higher than the upper limit of normal (215 U/l) was associated with a poor prognosis for OS (log-rank test, P=0.006; Fig. 3 ). This result is concurrent with those of previous studies (11, 14, 21, 26) . Furthermore, Spearman's correlation analysis (data not shown) revealed that the serum LDH level has a negative correlation with the expression of LDHD (P=0.028). Despite the fact that the analysis of serum LDH is a protein test and the analysis of LDHD is a gene test, it may be concluded that the expression of LDHD is associated with the levels of serum LDH.
LDHD LDHAL6B -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Expression of LDHD and LDHAL6B is not associated with recurrence-free survival (RFS) and cancer-specific survival (CSS) in the FUSCC cohort.
In order to understand if the expression of LDHD and LDHAL6B were associated with RFS and CSS, LDHD and LDHAL6B expression in the FUSCC cohort was considered as a categorical variable according to the median expression level, and divided into high and low expression groups as aforementioned. RFS was measured from the date of renal resection until the date of radiographic detection of recurrence or the last follow-up. CSS was measured from the date of renal resection until the the date of mortality due to renal cancer or the last follow-up. A total of 18 patients were diagnosed with radiographic recurrence and 10 patients succumbed to renal cancer during the follow-up. As a result, it was revealed that the expression of LDHD was not associated with RFS (log-rank test, P=0.887) or CSS (log-rank test, P=0.133). LDHAL6B expression was also not associated with RFS (log-rank test, P=0.364) and CSS (log rank test, P=0.430) (data not shown).
Discussion
In the present study, it was demonstrated that certain LDH gene family members were associated with the OS of patients with ccRCC. Members of this family, particularly LDHD and LDHAL6B, were independent prognostic factors for the OS of patients with ccRCC in the present study. The human genome has four LDH genes: LDHA, LDHB, LDHC, and LDHD. Of these genes (26) , LDHB and LDHC are L isomers and LDHD is a D isomer (27) .
LDHD metabolism has been demonstrated to occur in mitochondria, but its function in cancer is unclear. Previous studies have demonstrated that in prostate cancer cells, the metabolism of D-lactate inside mitochondria via LDHD and the metabolic activity of LDHD in tumor cells were higher compared with that in normal cells (28, 29) . Furthermore, the LDHD protein level and activity are higher in cancerous cells compared with that in normal prostate cells (30) . LDHD is a unique gene; in Sporolactobacillus inulinus strain CASD, LDHD may use NADH and NADPH, but preferentially uses NADPH as a coenzyme, which is different from the coenzyme utilization of other LDHs (31, 32) .
A feature of tumor cells is their reliance upon fermentative glycolysis, a common phenomenon coined 'the Warburg Table V . Multivariate logistic regression analysis of factors that may affect the expression of LDHD and LDHAL6B in the FUSCC cohort with ccRCC. effect' (33) . LDH isoenzymes are metabolically regulated, and are linked to glycolysis and the Warburg effect (34) . Previous studies have revealed that the level of pre-treatment serum LDH is a significant prognostic factor in numerous types of cancer, including RCC (35) (36) (37) . LDH is under the translational control of hypoxia-inducible factor and MYC, and is thus regulated by key oncogenic processes (33, 38) . However, in the field of oncology, little is known concerning the subtypes of the LDH family. The few previous studies focused on this topic have been mainly confined to the cellular level. RCC is a disease that is closely associated with metabolism (39, 40) . The LDH gene family serves an important function in ccRCC. LDHA may possess multiple additional functions in non-neoplastic and neoplastic tissues (41) . There are numerous genes and proteins, including tumor protein p53, vascular endothelial growth factor and 2'-deoxynucleoside 5'-phosphate N-hydrolase 1, amongst others, reported to be associated with LDHA activity (41) . The expression of LDHA is associated with the prognosis of patients with brain tumors. A previous study revealed that LDHA metabolic activity in brain tumor cells was stronger compared with normal cells (41) . However, the clinical association between LDHD expression and tumors is not clear. There are also few studies focused on renal cancer. The present study revealed that LDHD may serve an important function in the prognosis of patients with ccRCC. It was revealed that the expression of LDHD and LDHAL6B were independent prognostic factors for the OS of patients with ccRCC. The downregulated expression of LDHD was associated with a poor prognosis and a shorter OS. The expression of LDHD is associated with the prognosis of patients with ccRCC. In addition, the tumor stage was significantly associated with the expression of LDHD. In the statistical analysis of 70 paired patients, the expression of LDHD was also significantly different between patients with ccRCC and paired controls. Furthermore, the serum LDH level was significantly associated with the expression of LDHD. The results of the present study confirmed that LDHD is a useful biomarker for patients with ccRCC. In addition, the expression of LDHD was associated with patient prognosis. To the best of our knowledge, no previous study has clarified the function of LDHD in renal tumors. Although Girgis et al (42) had previously assessed the expression of LDHA at the protein level via the use of immunohistochemistry in 385 patients and indicated that LDHA upregulation may be a predictor of a poor prognosis in patients with ccRCC, in the present study, LDHA expression was not significantly associated with the OS of patients with ccRCC in the TCGA cohort or the FUSCC cohort.
LDHD LDHAL6B -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
LDHD is a subtype of LDH and serves an important function in renal cancer. The integration of LDHD expression has the potential to be a useful biomarker in the identification of poor prognosis in patients with ccRCC. Although it has potential as a novel renal cancer biomarker, its specific mechanism remains unknown. To date, LDHD, which is produced in the methylglyoxal (MG) pathway, is presumed to be released by cancer cells (43) . The MG pathway produces LDHD as a final product that is largely modified in cancer cells, with a specific function in the glyoxalase systems, serving to eliminate the cytotoxic MG mainly derived from glycolysis (44) . The rationally engineered LDHD may efficiently use NADH and NADPH as cofactors. Additionally, the mitochondrial metabolism of LDHD in cancer cells is more active compared with that of normal cells (45) . Renal cancer is a disease that is associated with metabolism and obesity. LDHD may serve a key function in the progression and development of ccRCC.
There are a number of limitations to the present study: Firstly, the patients included were from the FUSCC, with good follow up, but patients from other centres were not included. Secondly, all the tissue specimens in the present study were sourced from patients who were suitable candidates for surgery, and the same results may not apply to patients who are not suitable candidates for surgery.
The present study has indicated at the association between ccRCC outcome and LDHD, however, the underlying mechanism remains poorly understood. The present study may have opened a threshold to a novel aspect of ccRCC biomarkers or therapeutic targets. Further studies are required.
In conclusion, LDHD was identified as an independent prognostic factor for the OS of patients with ccRCC. Low LDHD expression was associated with a poor prognosis for OS, and tumor grade was significantly associated with LDHD expression. LDHD may function as a tool to reveal further genes associated with prognosis in ccRCC.
